Intracortical somatosensory interfaces have now entered the clinical domain. Darie et al. explore the implications of research published in Science Translational Medicine by Flesher et al. (2016) , discuss how to design such a system given current technology, and question how to effectively communicate with users about their experience.
Closing the Loop on Motor Prostheses
Just over 15 years ago, the first human patient was implanted with a chronic microelectrode in their motor cortex and used their thoughts to control the trajectory of a computer cursor (Kennedy et al., 2000) . Since then, the field of intracortical neural interfaces has made great strides toward giving people who suffer from locked-in syndrome control over not only communication interfaces, but a variety of actuators, including robotic arms (Hochberg et al., 2012) and even their own limbs (Sharma et al., 2016) . However, efficient control systems need accurate feedback for proper performance. Relying on the limited accuracy of visual feedback, which has been the case in all clinical demonstrations of motor prostheses to date, imposes severe limitations on their speed of operation, dexterity, and usability (Suminski et al., 2010) . The idea of stimulating the cortex to write sensory information into the nervous system is being pursued actively in nonhuman primates (Kim et al., 2015a) . However, if this technology is ever to become clinically relevant, it must be explored within the human domain.
Flesher et al. demonstrate the first instance of chronic intracortical microstimulation (ICMS) to somatosensory areas in a human cortex (Flesher et al., 2016) . Similar to the precipice efferent BMI researchers stood at a decade and a half ago, afferent BMI engineers are faced with a set of critical design decisions. What should the targets of a somatosensory interface be? To what degree must patterned stimulation mimic the neural code? Importantly, with the new ability to ask study participants about their experience, how do we design experiments that leverage this communication, and how can we use language to unambiguously relay such concepts? All of these questions must be asked in the context of current technologies and their limitations. We highlight the important work by Flesher et al. (2016) , investigate its approach to these questions, and imagine the next steps to be taken from here.
Selecting a Strategy for Sensory Stimulation
A sensory signal originating from cutaneous receptors in the finger must traverse a series of physiological checkpoints. A mechanical perturbation becomes a conscious percept as it passes through the peripheral nerves, spinal cord, thalamus, and ultimately the cortex. Flesher and colleagues target the somatosensory cortex, a natural decision given the sensitive nature of the brainstem and relative inaccessibility of the thalamus. Yet, choosing a specific site within S1 is as critical a decision as choosing which macrostructure to target.
Electrical stimulation of somatosensory cortex accesses a dense consolidation of sensory fibers, cell bodies, and interneurons after significant processing by the nervous system; micrometer differences in array placement on the cortical surface can dramatically change the resulting percept. Flesher et al. (2016) implanted two microelectrode arrays for electrical stimulation in area 1 of primary somatosensory cortex (S1), a high-order sensory region that receives heavy cutaneous input from area 3b and the thalamus. While area 1 maintains the strong somatotopic map seen in its lower-order cousin, area 3b, the firing properties of its neurons are markedly more complex, showing larger nonhomogeneous receptive fields and significant integration between cutaneous and proprioceptive modalities (Kim et al., 2015b) . Here, the subject with area 1 stimulation reported that 94% of stimuli evoked sensations that originated from either on or below the skin. The sensory ambiguity speaks to the multiple modalities represented at this particular location of the cortex. Although proprioceptive information concerning the state of one's own limb, artificial or natural, plays an important role in motor performance (Suminski et al., 2010) , here the patient did not identify any of the percepts as ''movement'' or pose related. Devising methods to controllably elicit both cutaneous and proprioceptive percepts will be a major challenge in the future.
After identifying an appropriate cortical target, stimulation parameters must be tailored to effectively communicate with the underlying neural circuitry. Two competing approaches seem apparent: biomimicry and prosthetic learning (Tabot et al., 2015) . Biomimicry relies on recreating the natural neural code using patterned stimulation to speak to the nervous system in a language it already understands. In a recent peripheral nerve stimulation study, this approach was employed successfully, although the code is certainly simpler in the periphery than in the brain (Oddo et al., 2016) . Requiring no additional learning, this would provide seamless integration into the patient's life and significantly reduce training times for a new BMI. Somatosensory encoding strategies may take cues from other sensory modalities, such as vision or audition. However, researchers should proceed cautiously, given that the underlying representation of these different modalities is not guaranteed to be universal. A true biomimetic approach may remain out of reach until new technology has been developed or a deeper understanding of information representation in the brain has been acquired. Alternatively, it may be possible to harness the exceptional ability of the brain to adapt to unfamiliar stimuli. By providing accurate performance feedback to the system, the brain may be capable of learning how to meaningfully interpret an imperfect stimulus. However, the degree to which this learned percept feels natural will likely be less than its biomimetic counterpart. Flesher et al. (2016) have established that chronic cortical stimulation with high density arrays is possible but do not commit firmly to a biomimetic or learning approach. The optimal tack remains to be seen and will rely heavily on further investigation and technological development.
Intracortical microstimulation is, despite the name, a blunt tool. Although microstimulation is a more focal procedure than, for instance, deep brain stimulation, computational models of ICMS show that hundreds of neurons may be stimulated with the lowest detectable levels of stimulation (Overstreet et al., 2013) . Therefore, it is important to be mindful of the capabilities of the tools at our disposal. The effects of ICMS have been explored in nonhuman primates from the point of view of psychophysics (Kim et al., 2015a) . Flesher et al. (2016) demonstrate that the findings from the animal literature are corroborated in humans. Single electrodes were able to elicit sensations discernible by the patient, with striking similarities to primate psychometric data. Furthermore, they performed a just-noticeable difference experiment, which suggests that at each electrode, multiple stimulation amplitudes are individually discriminable. For the duration of the study (5 months), stimulation thresholds remained largely stable and within a range safe for long-term use, below the pain threshold. Thus, the experimenters have begun to identify the dynamic range of useful ICMS stimuli. While these similarities to primate experiments might not be surprising-humans are, after all, primates-it is reassuring to know that what we learned from nonhuman primates translates to a human patient. Up to the limitations of current technologies, we know now that it is safe to press onward. The limitations of hardware should not, however, be ignored.
Assessing the Limitations of Current Technology
Approaches for microstimulation are subject to the difficulties inherent to the surgical implantation and subsequent use of silicon microelectrode arrays. In the present study, due to the specifics of the patient's spinal cord injury, he retained residual sensation of the arm and hand, thereby enabling preoperative magnetoencephalography (MEG) mapping of target areas of primary somatosensory cortex that contain projections from the hand. Two arrays were implanted as close to the finger representation as possible, given the topological constraints of the brain surface. The surgeon was forced to choose a smooth region of cortex to securely insert the arrays, yet the authors note an increase in stimulation thresholds closer to the posterior side of both arrays, consistent with a lifting of the devices due to strain on the wire bundle. Further, despite the preoperative mapping, the authors were unable to activate fingertip dermatomes. The microelectrode array may not be the perfect tool for the task; a tool that enables access to a larger and more distributed selection of cortical locations will be necessary in the long term. Following the implantation, the patient experienced aberrant sensations of tingling in his right arm and hand, which corresponded to periods of noticeable synchronization and burst-like activity from neurons in the vicinity of the stimulating electrodes. As the patient recovered from surgery, the spontaneous sensations and bursting subsided. Thus, the brain's ability to heal itself after trauma as intense as the fast insertion of hundreds of small needles makes the prospect of translating these technologies into the clinic less daunting. Flesher et al. (2016) have confirmed that the toolbox of ICMS for sensory restoration resembles that of primate experiments, for better or for worse, and that the signal encoding strategies developed by the community seem, so far, translatable. The question remains how to best evaluate the efficacy of these tools and strategies, especially given the great advantage of working with human subjects.
Making the Best Use of Language
Sensation is an experience, and animal experiments can only elucidate so much without the ability to report the subtleties of that experience. Here, a human patient was for the first time able to verbalize their perception of sensory cortical stimulation, which provided the researchers with invaluable clues about the transformation of stimulation to experience. However, care must be taken to analyze language as rigorously as one analyzes neural data. First, language is inherently a social construct that can only communicate experiences in as much as they are shared among participants. The true ''private experiences'' of people remain impossible to quantify and are as elusive as the age-old question of whether two people experience the color blue in the same way. For neural prostheses, the difficulty of ascribing percepts to words is compounded by the fact that many sensations relevant to performance do not require conscious awareness. A human volunteer will not necessarily be versed in the aspects of the experience that are the most relevant to communicate to the researchers. Therefore, alternate approaches might be in order. Second, researchers should be aware that subjects might change their responses based on their knowledge of what the study's goals are. Here, for instance, the subject answered a survey regarding the genuine nature of the percept elicited by the electrical stimulation. The patient overwhelmingly responded that sensations were ''possibly natural,'' which could mean that the patterns were on the cusp of biomimicry or that the subject did not want to disappoint the people he had volunteered to work with. This ambiguity is not meant to detract from the invaluable findings of the authors, but merely highlights the caution with which we must approach the use of language in these studies. Using other forms of communication instead of or in conjunction with language could be a good way of expanding our experiential vocabulary. In this work, the authors asked the subject to indicate where the stimulus was detected on a segmented map of the hand, a strategy that is less prone to bias than a survey.
Perhaps the greatest benefit of working with human subjects is not their ability to produce language, but instead their ability to understand it and formulate a complex response. By devising more complex tasks, ones in which human subjects can reasonably acquire proficiency whereas animals cannot, researchers stand a better chance at revealing the perceptual and experiential effects of sensory stimulation. The authors begin down this path by asking the patient to assign a numerical magnitude to the intensity of the stimulation. They find that, for the small number of contacts tested, the relationship between current and reported magnitude is linear. We can be hopeful then, that it will be possible to formalize the relationship between stimulation parameters (here, amplitude and perhaps soon others such as pulse width and frequency) and perceptual quality so that meaningful feedback can be prescribed programmatically. There is evidence that such a strategy is possible in the related field of peripheral sensory prostheses (Graczyk et al., 2016) . We envision that computational modeling will play an important role in this formalization, as may machine-learning to obtain optimal mapping between stimulation and perception. Flesher et al. (2016) demonstrated that sensory feedback can be meaningfully provided to the human somatosensory cortex using currently available electrical stimulation neurotechnology. However, limitations remain in both the fundamental knowledge of the brain as well as our ability to access the brain with sufficient spatial resolution. Fortunately, a global effort is underway (Grillner et al., 2016) in both the public and private sector that seeks to alter, in a non-incremental way, the scale, scope, and speed of neuroscientific discovery. Such a leap requires significant monetary investment, but also sustained intellectual investment. Although engineers funded by the BRAIN Initiative alone have already conceived of and developed new tools for neuroscientists and clinicians, the improvements necessary to provide effective, reliable, and safe neural interfaces that restore natural sensation remain to be invented.
Constantly Moving Forward

